ABSTRACT
S
ince the introduction of the recanalization therapy for acute ischemic stroke, both via intravenous fibrinolysis and catheter-based reperfusion, intracranial hemorrhage (ICH) has remained the most feared complication. The potential occurrence of ICH has required that the main risk of acute revascularization be balanced against the benefit of reperfusion. 1 Various pretreatment clinical and imaging factors have been associated with hemorrhagic transformation after reperfusion treatment, including age, severity of pretreatment neurologic deficit, ischemic lesion volume, elevated blood pressure, serum glucose level, history of diabetes, and absence of collateral flow. [2] [3] [4] [5] However, most available data on ICH following recanalization therapy in acute ischemic stroke are from studies of intravenous and intra-arterial pharmacologic fibrinolysis and little is known about the clinical and procedural factors contributing to ICH occurrence after mechanical neurothrombectomy. 6, 7 The clinical impact of different ICH subtypes has also been incompletely studied. Initial emphasis in the intravenous lytic literature focused on symptomatic intracerebral hemorrhage (SICH), referring to any intracranial hemorrhage associated with early neurologic deterioration. However, multiple contending criteria have been advanced for defining an intracerebral hemor-rhage as symptomatic. 1, 8 In addition, other aspects of ICH, including subarachnoid versus intraparenchymal, extent (petechial hemorrhage versus frank hematoma), and topographic location (deep versus superficial) have been identified in some studies as predictors of poor outcome after interventional treatment of acute ischemic stroke. [9] [10] [11] The Solitaire FR With Intention For Thrombectomy (SWIFT; https://clinicaltrials.gov/ct2/show/ NCT01054560) trial used a refined definition of SICH: any parenchymal hematoma (PH), subarachnoid hemorrhage, or intraventricular hemorrhage (IVH) associated with a worsening of National Institute of Health Stroke Scale score by Ն4 within 24 hours. 12 Compared with SICH definitions used in earlier intravenous and intra-arterial fibrinolysis trials, this definition incorporated a broader range of hemorrhage types and excluded minor petechial hemorrhages unlikely to be causally related to neurologic worsening. [13] [14] [15] [16] [17] The SWIFT trial demonstrated the superiority of the Solitaire FR stent retriever device (Covidien, Irvine, California) over the Merci coil retriever device (Concentric Medical, Mountain View, California) with respect to revascularization and clinical outcome. Notably, SWIFT also found a substantially lower rate of SICH with stent versus coil retrieval (2.0% versus 11%).
The aims of this study were to define the procedural and clinical factors related to the occurrence of SICH in the SWIFT trial and to determine the ICH features with the greatest impact on clinical outcome.
MATERIALS AND METHODS
The SWIFT trial methods have been previously described. 18 The primary efficacy end point of the study was arterial recanalization of the target vessel measured by a Thrombolysis in Myocardial Infarction score of 2 or 3 without SICH after up to 3 passes of the assigned device, as assessed by an independent core laboratory. In patients for whom adequate recanalization was not achieved, rescue therapy was allowed with a different regulatory agency-cleared neurovascular thrombectomy device, intraarterial fibrinolysis with rtPA, or both.
In the present study, ICHs were characterized by compartment (intraparenchymal, subarachnoid, intraventricular) and symptomatic status (asymptomatic and SICH). Intraparenchymal hemorrhages were further subdivided by extent (hemorrhagic infarction type 1, hemorrhagic infarction type 2, parenchymal hematoma type 1, parenchymal hematoma type 2) and brain location (cortical versus deep/basal ganglionic). Basal ganglia ICH was determined by vascular distribution and included any hemorrhage within the territory of the lenticulostriate, Heubner, and the anterior choroidal arteries. SAH, IVH, hemorrhagic infarction-1, hemorrhagic infarction-2, PH-1, PH-2, and basal ganglia ICH classifications were defined by an independent blinded core laboratory.
The entire study population was analyzed, including patients enrolled in both the roll-in and randomized phases. All analyzed clinical and imaging data except for ASPECTS were collected prospectively as part of the SWIFT main trial protocol. ASPECTSs were obtained by review of the CT imaging data base by 2 physicians (R.J., D.L.) blinded to the assigned device.
In univariate analysis, candidate predictors of ICH included 21 pretreatment demographic, clinical, and imaging variables and 20 procedural variables ( Table 1 ). The associations of ICH features with clinical outcomes were analyzed for the following end points: NIHSS (at 24 hours, 7 days/discharge, 30 days, 90 days), Barthel Index of Activities of Daily Living (90 days), modified Rankin Scale of global disability (90 days), trial-defined good neurologic outcome (90 days), and mortality at 90 days. The prespecified tripartite definition of good neurologic outcome in the trial was the following: 1) mRS of Յ2, or 2) mRS equal to the prestroke mRS if the prestroke mRS was Ͼ2, or 3) NIHSS score improvement of Ն10 points.
Statistical Analysis
The rate of ICH types was compared between groups by using the Fisher exact test. Univariate logistic models with treatment device included as a nuisance parameter were run on each individual predictor, and predictors with a univariate P value Ͻ .20 were entered into a multivariable logistic regression model. The backward selection method by using a criterion of P Ͻ .10 was used to identify the predictors of each ICH type. The difference in the identified independent predictors between groups was tested by using a t test for continuous measures and a Fisher exact test for discrete measures. The effect of ICH type on outcomes was tested by using univariate logistic models with the treatment device included as a nuisance parameter.
RESULTS

Hemorrhage Frequency by Treatment Group
As shown in Table 2 , among the 144 enrolled patients, any radiologic intracranial hemorrhage (21.3% versus 38.2%) and symptomatic intracranial hemorrhage (1.1% versus 10.9%) occurred less frequently in the Solitaire FR than Merci retriever arms. Among the hemorrhage compartment and anatomic subtypes, subarachnoid hemorrhage (2.2% versus 12.7%) occurred less frequently with the Solitaire FR than the Merci retriever, with trends also toward less frequent intraventricular hemorrhage, parenchymal hematoma type 2, and cortical intracerebral hemorrhage. Table 3 shows the independent predictors for all intracranial hemorrhage and 6 hemorrhage subtypes. Among all analyzed clinical, imaging, and procedural parameters for each individual hemorrhage subtype included in the multivariate model, the most consistent predictor was rescue therapy with intra-arterial (IA)-rtPA, which was an independent predictor for any intracranial hemorrhage, SICH, SAH, IVH, PH2, and cortical hemorrhage. Other predictors included the following: baseline NIHSS score (for SICH and cortical ICH), baseline ASPECTS (for SAH), baseline international normalized ratio (for PH2), and time to treatment and recanalization (Thrombolysis In Myocardial Infarction 2-3 for basal ganglionic ICH). Among the identified independent predictors of hemorrhage, achievement of recanalization differed strongly between the 2 treatment arms, and the use of rescue IA-rtPA showed a trend toward a difference (Table 4) .
Predictors of Hemorrhagic Subtypes
Effect on Outcome
Among all hemorrhagic types analyzed, basal ganglia ICH and SICH had the greatest effect on outcomes, each statistically associated with 4 of 8 outcomes and trending toward association with 3 additional outcomes ( 
DISCUSSION
This study provides important insight into the pathophysiologic mechanisms of different ICH subtypes after mechanical revascularization and their respective impacts on clinical outcome.
Among all clinical and baseline predictors, NIHSS score was the strongest predictor of SICH in this study. However, this association does not explain the lower incidence of hemorrhage in the patients treated with the Solitaire because the baseline NIHSS score did not differ between the 2 groups. It is likely that other procedural factors causing specific hemorrhagic subtypes were contributing to the overall higher rate of SICH in the Merci group.
The higher incidence of SAH in the Merci group compared with the Solitaire group (12.7% versus 2.2%; P ϭ .027) is similar to that in previously reported data. The higher frequency of SAH with coil retrievers has several potential sources, including greater device injury to the vessel wall; greater required traction of the device on clot resulting in displacement of the vascular tree; the need for multiple retriever passes, increasing the likelihood of dissection; and the more frequent need for rescue therapy with IA-rtPA with attendant increased bleeding risk. 19 As opposed to the Merci device, which is initially delivered distal to the target thrombus, the Solitaire FR expands radially within the thrombus when unsheathed from the microcatheter. This outward expansion through the thrombus allows stable positioning within the vessel wall, which likely minimizes the risk of vessel perforation and/or microdissection during delivery. 20 In addition, the mechanical properties of the Solitaire allow optimal wall conformance and flexibility and a minimal vessel-straightening effect, likely reducing the risk of endothelial damage during the pull. Finally, the efficient clot engagement and rapid revascularization decrease the need for multiple passes and additional rescue therapy. Although our data did not reveal any association between the number of passes and hemorrhage occurrence, rescue therapy with IA-rtPA strongly correlated with multiple hemorrhagic subtypes, including any intracranial hemorrhage, SICH, SAH, IVH, PH2, and cortical hemorrhage. Any use of rtPA (IV or IA, baseline, or rescue) did not impact hemorrhage occurrence; this outcome suggests that the deleterious effect of the thrombolytic therapy is only present when used intra-arterially as a rescue therapy, after initial mechanical thrombectomy. As such, preinterventional use of IV-rtPA is not discouraged. The relationship between IA-rtPA rescue therapy and subarachnoid hemorrhage was particularly strong, increasing the odds of SAH more than 12-fold. These findings indicate that the fibrinolytic effect of the medication used as a rescue therapy likely potentiates device-induced vascular injury, eventually resulting in intracranial hemorrhage, particularly SAH. Of all hemorrhagic subtypes, basal ganglia was the only hemorrhage associated with successful reperfusion. Parenchymal ischemic injury may progress particularly rapidly in subcortical, basal ganglia regions, due to rapidly evolving infarction within the deep subcortical tissue in the presence of occluded ostia of lenticulostriate arteries that lack collateral flow. This more advanced ischemic tissue destruction may render subcortical tissues more vulnerable to reperfusion-mediated hemorrhage. Basal ganglionic hemorrhage has been previously associated with poor outcome after mechanical thrombectomy. 10 The association of time to treatment with basal ganglia ICH (OR, 1.14; 95% CI, 1.029 -1.207; P ϭ .008) in our study demonstrates that for every 10-minute delay, there is an approximate 11% higher risk of hemorrhage within the basal ganglia (Fig 1) . This significant impact on time to treatment confirms the vulnerability of the deep subcortical structures to prolonged ischemia. The distinctive determinants and clinical impact of basal ganglionic-versus-cortical hemorrhage demonstrate the importance of identifying these subtypes, in addition to clinical type (symptomatic versus asymptomatic) and extent (hematoma versus hemorrhagic infarction). Given the strong impact of basal ganglionic hemorrhages on the outcome in our study, it is reasonable to consider this hemorrhagic subtype as an important predictor of outcome in clinical practice and in future studies of endovascular revascularization for acute ischemic stroke.
Limitations
The main limitation of our study was the relatively small number of hemorrhages in the SWIFT trial, potentially confounding the results of the regression model as demonstrated by the wide confidence intervals in Table 3 . This limitation explains the lack of definitive association between PH2 and clinical outcome (Table  5 ). In addition, our outcome data were derived on the basis of univariate analysis instead of multivariate regression, focusing only on the hemorrhage effect and excluding other clinical and procedural variables. However, the goal of the outcome analysis was to analyze the clinical effect of each ICH subtype compared with all other hemorrhages, rather than identifying overall predictors of clinical outcome.
CONCLUSIONS
The higher rate of intracranial hemorrhage observed in the SWIFT trial with the Merci retriever versus the Solitaire FR was mostly related to increased occurrence of SAH and to a lesser degree of IVH, PH2, and cortical ICH. Each one of these ICH subtypes was strongly associated with IA-rtPA rescue therapy. In comparison with the Merci device, the Solitaire likely offsets SICH due to a lower incidence of vascular injury and a decreased need for additional IA rtPA administration. Basal ganglia ICH has a substantial deleterious effect on clinical outcome and is related in part to reperfusion of subcortical tissues that have already sustained advanced ischemic injury, independent of the type of device used.
These findings warrant cautious use of additional rescue IArtPA after mechanical thrombectomy, particularly in patients with established basal ganglia infarcts and prolonged time from symptom onset. 
